Abstract: Differences in parasite infection have previously been used to distinguish between fish 5 stocks. We demonstrate a novel use of parasite prevalence-by-length data to inform 6 quantitatively on stock mixing. An initial two mixing stock hypothesis proved consistent with 7 biological and survey data suggesting that there are different stocks of sardine off the west and 8 south coasts of South Africa. That hypothesis assumed that only recruits moved from the west 9 to the south stock. However, new "tetracotyle"-type metacercarian parasite bio-tag data indicate 10 a need to allow older fish to move between the stocks as well. We demonstrate extension of bio-11 tagging to inform on the plausibility of population structure hypotheses by including parasite 12 prevalence-by-length data in the model's likelihood. Our method enables the estimation of the 13 magnitude of mixing between semi-discrete stocks, providing more precise estimates of annual 14 movement. Such improved precision may be important in better informing future movement 15 hypotheses and thereby management. Our research provides a framework to use to inform 16 quantitatively on stock structure and movement hypotheses for other fish species with bio-tagging
Introduction 33
The use of parasites as biological tags -or parasite "bio-tagging" as it is commonly known -to 34 discriminate between marine fish stocks has become widespread in fisheries science (e.g. MacKenzie 35 1990; MacKenzie and Abaunza 2014). Large differences in the composition of selected parasite 36 species, or in the infection levels of a single parasite, in fish from different areas may indicate a lack of 37 mixing between those areas and hence the possibility of separate stocks. An overall probability of the 38 correct classification of fish to their group of origin based on parasite data was estimated from a meta-39
analysis to be about 70%, almost double that expected by chance alone (Poulin and Kamiya 2015) . 40 41 Sardine (Sardinops sagax) is a short-lived, rapidly-growing and highly productive small pelagic fish 42 species found distributed off the entire coastline of South Africa (Beckley and van der Lingen 1999). A 43 commercial fishery that targeted this and other pelagic fish using purse-seine vessels was established 44 in the late 1940s. Historically this harvested sardine almost exclusively off the west coast, but the 45 fishery expanded onto the south coast in more recent decades ( sardine sampled from the west and south coasts also showed differences in some morphometric 62 6 as described by Weston et al. (2015) . Sardine samples collected between 20 and 22˚E were not 123 included in this analysis so that any age-1 individuals in this hypothesized mixing zone that may include 124 west stock fish would be excluded (Dunn et al. 2015) . This resulted in 3 130 sardine from 103 trawls 125 having been processed for TTMPs, and being used in this analysis (Fig. 2) . Annual prevalence-by-126 length values -i.e. the percentage of sardine infected with the TTMP by length -were derived for each 127 0.5 cm CL class for each stock. 128
129
The sardine assessment model is detailed in the online supplementary material (Section B 1 ). This sex-130 aggregated model with Bayesian estimation uses an age-structured production model framework, but 131 due to the lack of reliable ageing data for sardine, the model is fit directly to length-rather than to age-132 structured survey and commercial catch data. This is achieved through the estimation of von Bertalanffy 133 growth curves within the model, and accounting for variability in length about these growth curves at 134 is modelled assuming a hockey-stick stock-recruitment relationship dependent on the spawner biomass 140 of that stock only. Maturity is assumed to change over time, possibly due to density dependence (van 141 der Lingen et al. 2006 ), but as there is no current information indicating differences in maturity between 142 the stocks, the same maturity ogives are used for both stocks. Natural mortality is similarly assumed to 143 be the same for both stocks, with juveniles having a higher natural mortality rate than 1+ sardine. In 144 line with the assumption that the TTMP has no appreciable negative impacts on sardine, no difference 145 in growth, maturity, natural or fishing mortality or movement is assumed between infected and 146 uninfected sardine. 147 148 This revised two mixing stock hypothesis now models the additional movement of older fish by 149 assuming the annual proportion of age 2+ sardine which move permanently from the west to the south 150 7 stock to be a time-invariant proportion of the 1-year olds that move each year (online supplementary 151 material, Table S1 3 ). This revision was based on the increasing prevalence of TTMP infection with 152 length on both coasts (Fig. 2) . This increase is to be expected for the west stock given that all ages are 153 found in the endemic area and are therefore subject to possible infection each year. However, this 154 increase would not be anticipated for south stock fish under an "only 1-year-old movement" hypothesis, 155
as prevalence would be anticipated to plateau at a level dependent on the prevalence of infection of 156 incoming 1-year-olds. Hence this information suggests that west stock fish older than age-1 move to 157 the south stock. It is further assumed that there is no permanent movement of south stock sardine to 158 the west stock. 159
160
Since the endemic area is hypothesized to be on the west coast, only west stock sardine are modelled 161 to become infected by the parasite, and this is assumed to occur in an annually-varying pulse from 162 samples were run and the posterior distributions were estimated after discarding 6 million samples for 183 burn in and subsequently thinning by 2 000. 184
185

Results
186
Both Swith and Swithout models produced near identical fits to the hydro-acoustic survey data, with 187 predictions being mostly within the 95% CIs of the survey means ( The variability about the von Bertalanffy growth curves is larger for lower ages (online supplementary 195 material, Fig. S4 ). Fig. 4 shows that a reasonably large range is estimated for the annual age at which 196 length is expected to be zero, thereby facilitating some improvement in the model fit to the length 197 frequency data through the associated assumption that this allows representation of annual changes in 198 the peak spawning time. The estimated hockey-stick stock recruitment relationships are similar for the 199 two models for the west stock, while the maximum recruitment to the south stock is estimated to be 200 some 30% higher at the joint posterior mode under Swith than under Swithout (Fig. 5) . Consistent with the 201 finding by de Moor and Butterworth (2015), the west stock is estimated to be substantially more 202 productive than the south stock, with the maximum recruitment to the former being estimated to be an 203 order of magnitude higher than that for the latter. The model is able to fit the observed prevalence-by-length of sardine infected with the TTMP reasonably 206 well (Fig. 6) . Account needs to be taken of the differences in sample sizes between length and also 207 years in drawing this conclusion (see above). The allowance now made for the movement of 2+ fish 208 enables the model to explain the feature evident in the data of an increase in prevalence at larger 209 lengths on the south coast. The differences between annual observed prevalence-by-length inform the 210 estimates of the proportions infected each year (Fig. 7) . 211
212
Estimates of the proportion of sardine moving from the west to the south each year are important 213 because their magnitude is the primary determinant of the extent to which harvest rates on the west 214 coast may need to be reduced, as discussed below. The annual proportion of 1-year olds that move 215 from the west to the south stock differs between the models, with a much greater inter-annual variability 216 estimated for recent years for Swith ( Fig. 8 ; online supplementary material, Fig. S5 9 ) . Movement is 217 estimated to be substantial in some years, particularly after the mid-1990s, with over 50% of the 1-year 218 olds estimated to have moved from the west to the south stock in 12 out of 32 years. The further 219 information provided by the TTMP prevalence data on past stock mixing is such that the proportions 220 moving are estimated far more precisely for Swith than for Swithout, and particularly so between 2012 and 221 2015 (Fig. 8) . The average standard deviation of the 2008 to 2015 proportions of age-1 sardine moving 222 is decreased substantially from 0.20 for Swithout to 0.11 for Swith. The 95% posterior probability intervals 223 of the Swithout proportions of age-1 are large in many years, reflecting only slight updating of the prior 224 distributions' 95% probability interval of [0.03,0.97] (online supplementary material, Table S1 ) from the 225 information indirectly available from (primarily) the hydro-acoustic survey data. In contrast, the 226 additional information contained in the TTMP prevalence-by-length data update these prior distributions 227 substantially more for Swith, particularly in recent years. These more precise estimates display a variable 228 pattern of higher and lower median proportions of 1-year-olds moving in recent years under Swith (Fig.  229   8) . The large probability intervals for the proportion of 1-year olds estimated to move in November 2014 230 under Swithout (Fig. 8) are indicative of the lack of information about movement from the abundance (Fig.  231 3) or length frequency data. No sardine less than 19cm were found to be infected with the TTMP on 232 the South Coast in November 2014 (Fig 6) . These prevalence data are therefore highly informative 233 10 through being able to indicate that a very low proportion of 1-year-old sardine only could have moved 234 from the west to the south stock that year. The >10% model estimated prevalence for the south stock 235 for sardine more than 15cm results from individuals of ages 2+ (online supplementary material These results have important management implications. The conclusion that the west stock is the key 284 "feeder" stock for both coasts raises concerns for the future of the resource, given that the west stock 285 has experienced poor to low recruitment for the majority of the past 12 years. In addition, with the 286 historical distribution of the resource having been primarily along the west coast, and the subsequent 287 development of processing plants for the small pelagic fishery along this coast, the fishing effort on the 288 west coast has been appreciably higher than that on the south coast (online supplementary material, 289 Results for all years are shown in the online supplementary material (Fig S6 12 ) . Results for all years are shown in the online supplementary material (Fig S6 13 ) . 575
13 Supplementary data are available with the article through the journal Web site at XXXX. (Table S1 ). 'tetracotyle-type' metacercarian parasite (TTMP), respectively. 68
All parameters are defined in Tables S1 and S2 estimates annually, there may be some proportion of this distribution below a length of zero (due to late recruitment). In these cases, this proportion is removed from the proportion-at-length of the minus length class. 3 Additive error allows for early or late recruitment. While the timing of recruitment may vary between stocks due to differing environmental conditions on the west and south coasts, the same autocorrelation parameters are assumed here for simplicity. 4 The biomass in 2015 = n y excludes age 0 fish, although the contribution of age 0 fish to the total biomass should be minor. F  S  C  N  C   ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  , 0  8  /  1  0  ,  2  ,  ,  ,  0  ,  2  ,  ,  ,  ,  , 5   0  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  ,  , Proportions-at-length and growth curve 
Commercial selectivity 107
Insufficient information in the data to estimate the inflection point for the south stock Based upon data being available ~6 times more frequently than annual age data which contain maximum information content on this. 10 The 21 + group in this equation consists of the length classes 21cm, 21.5cm, 22cm, 22.5cm, 23cm and 23.5cm. 11 Based upon data being available ~4x6 times more frequently than annual age data which contain maximum information content on this. 12 A shorter range of lengths is used given the near absence of data outside this range, resulting in small/zero residuals, which would negatively bias this estimate. 
